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Identification of Sucrose Non-Fennenting-Related 
Kinase (SNRK) as a Suppressor of 
Adipocyte Inflammation 
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In this study, the role of sucrose non-fermenting-related kinase 
(SNRK) in white adipocyte biology was investigated. SNRK is 
abundantly expressed in adipose tissue, and the expression level 
is decreased in obese mice. SNRK expression is repressed by 
inflammatory signals but increased by insulin sensitizer in cul- 
tured adipocytes. In vivo, adipose tissue SNRK expression can 
be decreased by lipid injection but enhanced by macrophage 
ablation. Knocking down SNRK in cultured adipocytes activates 
both JNK and IKK(B pathways as well as promotes lipolysis. 
Insulin-stimulated Akt phosphorylation and glucose uptake are 
impaired in SNRK knockdown adipocytes. Phosphoproteomic 
analysis with SNRK knockdown adipocytes revealed significantly 
decreased phosphorylation of 49 proteins by 25% or more, which 
are involved in various aspects of adipocyte function with a clear 
indication of attenuated mTORCl signaling. Phosphorylation of 
43 proteins is significantly increased by onefold or higher, among 
which several proteins are known to be involved in inflammatory 
pathways. The inflammatory responses in SNRK knockdown adi- 
pocytes can be partially attributable to defective mTORCl signal- 
ing, since rapamycin treatment activates IKK(B and induces lipolysis 
in adipocytes. In summary, SNRK may act as a suppressor of adi- 
pocyte inflammation and its presence is necessary for maintaining 
normal adipocyte function. Diabetes 62:2396-2409, 2013 




Sedentary lifestyle and excessive energy intake 
have caused obesity epidemics. Extensive studies 
have demonstrated that obesity-related insulin 
resistance and type 2 diabetes are associated with 
a low degree of inflammation in adipose tissue (1). Obese 
adipose tissue secretes a variety of inflammatory markers, 
cytokines, and chemokines at elevated levels. Some of 
these factors, such as tumor necrosis factor (TNF)-a, in- 
terleukin (IL)-6, IL-ip, and MCP-1, have been reported 
to impair insulin signaling (2-5). Dysregulation of adipo- 
cyte lipolysis, induced by increased expression of adipose 
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inflammatory cytokines, contributes to systemic insulin re- 
sistance through elevated circulating free fatty acid (FFA) 
levels. Multiple types of immune cells have been identified 
to regulate inflammatory pathways in obese adipose tissue, 
such as macrophages, neutrophils, T cells, and mast cells 
(6,7). Potent anti-inflammatory effects, such as suppression 
of adipose macrophage gene expression in vitro and in vivo 
and inhibition of proinflammatory mononuclear cells, have 
been reported for the only class of insulin sensitizer, thia- 
zolidinediones (8-11). Curbing inflammation of obese pa- 
tients with salsalate, a prodrug of salicylate for treating 
arthritis, has been reported to improve glycemic control 
(12). These results indicate that obesity-related adipose in- 
flammation plays an important role in the development of 
insulin resistance. However, the molecular pathways in- 
volved in the development of adipose inflammation in re- 
sponse to overnutrition are not fully understood. 

Being the most extensively studied member of the family, 
AMP kinase (AMPK) has been described as a master energy- 
sensing enzyme activated by increased AMP-to-ATP ratio. 
Activation of AMPK turns on catabolic pathways that 
generate ATP while switching off ATP-consuming anabolic 
pathways. Recent studies also indicate an anti-inflammatory 
role for AMPKal in macrophages through diminishing 
inflammasome formation and activation of sirtuin 1 (SIRT1) 
(13,14). Extensive research efforts have established a clear 
role for AMPK in energy metabolism in muscle, liver, and 
macrophages. In contrast, limited and contradictory in- 
formation is available on the role of AMPK in adipocytes. 
AMPK phosphorylates Ser 565 of hormone-sensitive lipase, 
which was proposed to exert an antilipolytic effect 
through preventing phosphorylation of Ser by protein 
kinase A (PKA) (15). However, the significance of this 
mechanism has been questioned because of the recent 
finding that Ser 563 is not essential for hormone-sensitive 
lipase activation (16). In addition, both pro- and antilipolytic 
effects have been described for AMPK in adipocytes 
(17,18). Although the AMPK activator AICAR stimulates 
glucose uptake in both muscle cells and adipocytes, AMPK 
only appears to mediate AICAR-induced glucose uptake in 
muscle cells — not in adipocytes (19). AMPKa2 knockout 
mice have unchanged fat mass despite impaired glucose 
tolerance when fed a normal chow diet, suggesting that 
AMPKa2 is not important for energy metabolism in adi- 
pose tissue of normal mice (20). Interestingly, AMPKa2 
knockout mice develop adipocyte hypertrophy when fed 
a high-fat diet, indicating that AMPKa2 may be able to 
prevent excess lipogenesis in states of nutrition surplus 
(21). However, it is unclear whether this is because of the 
deficiency of AMPKa2 in adipocyte or because of the 
secondary effects of AMPKa2 deficiency in liver or mus- 
cle because AMPKa2 is expressed at a low level in fat. 
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AMPKal has been reported to be the major isoform of 
AMPK in adipose tissue; yet, global AMPKal knockout 
mice derived from the same founders were reported to 
increase adiposity from one laboratory and decrease adi- 
posity from another (18,22). These results raise questions 
regarding the importance of AMPKal in adipocyte func- 
tion. 

The biological functions of many AMPK-related family 
members have not been clearly defined. In this study, we 
describe the potential role of an AMPK-related kinase, su- 
crose non-fermenting-related kinase (SNRK), as a potential 
suppressor of inflammation in adipocytes. As a family 
member of AMPK-related kinases, SNRK and its function 
have not previously been studied in adipose tissue. SNRK 
was initially cloned from fat cell cDNA library (23). The 
NH 2 -terminal catalytic domain has a low homology to 
AMPKa, but the noncatalytic domain is unique (23). SNRK 
can be activated by liver kinase B (LKB)l, the same up- 
stream kinase that activates AMPK (24). Gene knockdown 
study in zebrafish indicates that SNRK may play a role in 
angioblast development (25,26). A recent study reported 
that SNRK inhibits colon cancer cell proliferation (27). It is 
worthy to note that SNRK is a completely different protein 
from sucrose nonfermenting AMPK-related kinase (SNARK), 
which is also a member of the AMPK/SNF1 family and can 
be activated by LKB1 (28,29). 



RESEARCH DESIGN AND METHODS 

Cells, reagents, and treatments. 3T3-L1 cells were obtained from American 
Type Culture Collection. 3T3-L1 coxsackie virus and adenovirus receptor 
(CAR) cells, a 3T3-L1 subline stably expressing the truncated adenovirus re- 
ceptor, were provided by Dr. David Orlicky (University of Colorado Health 
Sciences Center) (30). Preadipocytes were differentiated as previously de- 
scribed (31). FFA mixture, dexamethasone, insulin, and isobutylmethylxanthine 
were purchased from Sigma. Liposyn II was purchased from Webster Veteri- 
nary. Jun NH 2 -terminal kinase (JNK), acetyl CoA carboxylase (ACC), and IkB 
kinase (IKK) [3 antibodies were purchased from Santa Cruz Biotechnology. 
Phosphorylated (phospho-) JNK and phospho-IKKp antibodies were purchased 
from Cell Signaling Technology. SNRK antibody was purchased from University 
of Dundee (24). Tubulin antibody was purchased from Abeam. Phospho-ACC 
antibody was purchased from Millipore. LC3 antibody was purchased from 
Novus Biologicals. Raptor expression constructs and antibodies were provided 
by Dr. Diane Finger (University of Michigan Medical School). Clodronate lip- 
osomes were purchased from clodronateliposomes.org (Vrije Universiteit, 
Amsterdam, the Netherlands) as previously described (32). Stable isotope la- 
beling with amino acids in cell culture (SILAC) medium was purchased from 
Thermo Scientific. Rapamycin was purchased from Calbiochem. Adenoviruses 
expressing inducible myr-Aktl and the tetracycline transactivator (tTA) were 
purchased from Cell Biolabs. 

Mouse models. Male ob/ob mice and littermate controls were purchased from 
The Jackson Laboratory. These mice were fed standard chow and killed at 9 
weeks of age for tissue collection. For DIO mice, C57BL/6J mice were pur- 
chased from The Jackson Laboratory at 3 weeks of age, acclimated for a week, 
and fed on either a chow diet (5% kcal from fat) or a high-fat diet (60% kcal 
from fat, D 12492; Research Diets) for up to 20 weeks. For macrophage abla- 
tion experiment, mice were injected with clodronate liposomes at the dose of 
110 mg/kg. At the end of the study, mice were killed by C0 2 inhalation and 
epididymal fat pads were collected. All animal experiments were approved by 
the Institutional Animal Care and Use Committee of Rhode Island Hospital. 
Isolation of primary adipocytes. Epididymal white fat pads from DIO mice 
were excised, weighed, and rinsed in isolation buffer. Fat pads were then cut into 
small pieces in isolation buffer supplemented with 1 mg/mL type I collagenase 
and digested at 37°C in shaking-water bath at 100 rpm for 45 min. Digested 
tissues were filtered through 400 [xmoVL mesh to get single cell suspension. 
After centrifugation, floating adipocytes were rinsed twice with isolation buffer. 
Adenovirus construction. For construction of adenoviral vector for mouse 
SNRK, the coding sequence was amplified by PCR, cloned into the entry vector, 
and sequence confirmed. The coding sequence was then recombined into the 
Gateway-based pAd-CMV DEST vector (Invitrogen) according to the manu- 
facturer's instructions. For construction of adenoviral vector for short hair- 
pin interfering RNA against SNRK, six short hairpin oligonucleotides and 



complementary strands were designed to target SNRK and ligated into the 
Gateway-based pENTR/U6 vector (Invitrogen) and recombined into the 
BLOCK-iT RNAi system after sequence confirmation. As a negative control, 
adenovirus expressing short hairpin (sh)GFP was used as previously de- 
scribed (33). Amplification of recombinant adenovirus was performed 
according to the manufacturer's instructions using human embryonic kidney 
293A cells. 

RNA isolation and real-time PCR analysis. RNA samples were extracted 
using the TRIZOL reagent. Gene expression was measured using real-time PCR 
analysis. Random hexamers were used for reverse transcription. Real-time PCR 
analysis was performed in a 15-jixL reaction on 96-well clear plate using 
a Power SYBR Green RT-PCR Reagents kit on ABI Prism thermal cycler model 
StepOnePlus. The relative mRNA expression levels were normalized to ex- 
pression of p-actin or 28S rRNA. The sequences of primers are shown in 
Supplementary Table 1. 

Immunoprecipitation and Western blot analysis. For immunoprecipitation 
of endogenous SNRK from adipose tissue, thirty microliters of A/G plus matrix 
(Santa Cruz Biotechnology) slurry were used to preclear 1 mg protein lysates at 
4°C for 30 min. Then, 3 jxg SNRK antibody was added for 1 h followed by 40 |jlL 
A/G plus matrix slurry for overnight incubation at 4°C. For immunoblot anal- 
ysis, immunoprecipitated protein or 100 |xg protein lysates from each sample 
was used. After PAGE on 4-12% gel (Bio-Rad Laboratories), the resolved 
proteins were transferred onto polyvinylidene fluoride membranes. Membranes 
were blocked in 1% BSA/lX Tris-buffered saline with Tween (TBST) or 5% 
milk/1 X TBST for 1 h and then incubated with the appropriate primary anti- 
bodies in the presence of 1% BSA/lX TBST or 5% milk/1 X TBST followed by 
incubation with appropriate horseradish peroxidase-linked secondary anti- 
bodies for 1 h in 5% milk/ 1 X TBST. Protein bands were detected by enhanced 
chemiluminescence (ECL) Western blotting detection reagent (Perkin Elmer). 
Phosphoproteomic study. 3T3-L1 CAR preadipocytes were cultured in SILAC 
medium for eight doublings and then seeded on sixwell plates for differentiation 
in SILAC medium. One-half of the cells were labeled with light Arg and Lys and 
infected with adenovirus expressing shSNRK. The other half were labeled with 
heavy Arg and Lys and infected with adenovirus expressing shGFP. For each 
sample, 2.5 mg light Arg- and Lys-labeled protein lysates was mixed with 2.5 mg 
heavy Arg- and Lys-labeled protein lysates. Samples were reduced with 45 mmol/L 
dithiothreitol at 60°C for 20 min, alkylated with 100 mmol/L iodoacetimide for 
15 min in the dark, and digested overnight with L-(tosylamido-2-phenyl) ethyl 
chloromethyl ketone (TPCK)-treated trypsin. Peptides were then desalted 
using Sep-Pak C18 columns and enriched for phosphopeptides using Titan- 
sphere Phos-Tio kit before loading to Orbitrap Velos ETD mass spectrometer. 
Results from four biological replicates were used for data analysis. Q values 
for multiple hypothesis tests were also calculated based on the determined 
P values using the R package QVALUE as previously described (34). 
Statistical analysis. Student t test was used to analyze experiments involving 
two groups. Two-way ANOVA and Bonferroni posttests were used to analyze 
multiple experimental groups. Error bars represent means ± SE. 

RESULTS 

Expression and regulation patterns of SNRK in 
adipocyte and adipose tissue. Through study of tissue 
distribution patterns of >300 human kinases including all 
family members of AMPK/SNFl-related kinases, SNRK gene 
was found to be abundantly and predominantly expressed 
in white adipose tissue in human and in both white and 
brown adipose tissue in mouse (Fig. 1A and E). SNRK 
protein expression pattern confirmed its predominant 
presence in adipose tissue (Fig. 1(7). AMPKal has been 
shown to be the major isoform of AMPK in adipose tissue 
(18). However, the relative mRNA expression level of SNRK 
is 74% higher than that of AMPKal in human white adipose 
tissue and 2.1-fold higher than that of AMPKal in mouse 
adipose tissue. Expression levels of AMPKa2 are very low 
in both human and mouse adipose tissue, supporting the 
hypothesis that AMPKa2 may not play an important role in 
adipocyte energy metabolism. SNRK has a nuclear locali- 
zation signal and has been shown to be localized in nucleus 
of cultured rat cerebellar granule neurons by immunohis- 
tochemistry (35). For localization of SNRK in adipocyte, 
SNRK-GFP fusion protein was expressed via adenoviral- 
mediated gene transfer and revealed a large overlapping 
with lysosomal tracker (Fig. ID), indicating that SNRK may 
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FIG. 1. Tissue distribution of SNRK and AMPKct. A: Relative mRNA expression levels of SNRK, AMPKal , and AMPKol2 in human tissues. RNA 
samples from pooled human tissues were purchased from Clonetech (stomach cat. no. 636126, small intestine 636125, pancreas 636119, white 
adipose tissue 636162, lung 636105, heart 636113, testis 636115, liver 636101, kidney 636118, brain 636102, spleen 636121, and skeletal muscle 
636120). B: Relative mRNA expression levels of SNRK, AMPKal , and AMPKol2 in mouse tissues. Tissues from four male C57BL/6 mice were pooled 
for RNA preparation. C: SNRK protein levels in mouse tissues. Tissues from four male C57BL/6 mice were pooled for protein preparation. SNRK 
was immunoprecipitated from 1 mg protein lysates. D: SNRK localization. The SNRK-GFP fusion protein was expressed in 3T3-L1 CAR adipocytes 
via adenovirus-mediated gene transfer. Forty-eight hours after infection, adipocytes were stained with Lyso tracker ( 10,000 x, cat. no. L-7528; 
Invitrogen) (red) for presence of lysosomes and DAPI (final concentration at 1 |mg/mL) (blue) for presence of nucleus during a 2-h incubation. The 
images were overlaid, and the orange color indicates overlapping of SNRK-GFP and Lyso tracker. BAT, brown adipose tissue; S., small; WAT, white 
adipose tissue. 
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FIG. 2. Regulation of SNRK expression in adipose tissue. A: Regulation of SNRK gene expression in adipose tissue of ob/ob mice {top panel) (n = 5 
per group) and high-fat diet DIO mice {bottom panel) (n = 4 per group). B: Regulation of SNRK protein expression in adipose tissue of ob/ob mice 
(ji = 3 per group). C: Regulation of SNRK protein expression in adipose tissue of DIO mice (n = 4 per group). D: Regulation of SNRK gene ex- 
pression in adipocytes and stromal vascular cells isolated from chow-fed and DIO mice (fat pads were pooled from 6-8 mice in each group). Adi, 
adipocytes; HF, high fat; SV, stromal vascular cells. *P < 0.05. Error bars stand for mean ± SE. 

have different cellular localization patterns in different cell and protein levels (Fig. 2A-C). Further analysis indicates 
types. SNRK expression in white adipose tissue is signifi- that the decrease of SNRK gene expression in adipose tis- 
cantly reduced in both ob/ob and DIO mice at both mRNA sue of DIO mice occurs in adipocyte, not in stromal 
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vascular, cells (Fig. 2D). Interestingly, SNRK mRNA and 
protein levels can be induced by fasting in adipose tissue of 
lean mice, but this regulation is lost in DIO mice (Fig. 2A 
and C), suggesting that SNRK may be involved in regulating 
metabolism in response to fasting in lean mice. 

It is well established that FFA release and production of 
inflammatory factors are increased in adipose tissue of 
obese state and contribute to the development of insulin 
resistance and hyperglycemia. For exploration of whether 
these factors are potentially responsible for down- 
regulating SNRK expression in adipose tissue, FFAs and 
proinflammatory factor TNF-a were used to treat cultured 
adipocytes. As shown in Fig. 3A and B, SNRK gene ex- 
pression was significantly reduced by treatment with both 



FFA and TNF-a, indicating that activation of inflammatory 
pathways suppresses SNRK expression. The constitutively 
active form of IkB kinase (3 (IKK(3 SE), a master kinase 
that turns on transcription of many inflammatory genes, 
was also overexpressed in 3T3-L1 CAR adipocytes by 
adenovirus-mediated gene transfer. IKK(3 SE significantly 
repressed SNRK gene expression (Fig. 3(7). In addition, 
significantly decreased SNRK gene expression is observed 
in isolated adipocytes prepared from lean mice treated 
with intravenous injection of liposyn II (Fig. 3D), sug- 
gesting that the decreased SNRK expression in obese 
adipose tissue is likely due to the occurrence of obesity- 
induced adipose inflammation and/or lipid toxicity. In 
contrast, treatment with rosiglitazone, an insulin sensitizer 
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FIG. 3. Effect of proinflammatory signals on SNRK expression. A: Effect of FFA on SNRK gene expression in cultured adipocytes. FFA mixture 
(cat. no. F7050; Sigma) was used at a final concentration of 0.25 |mmol/L for 6 h. B: Effect of TNF-a on SNRK gene expression in cultured adi- 
pocytes. TNF-a was used at a final concentration of 25 ng/mL for 6 h. C: Effect of overexpressing the constitutively active IKKp (IKKfJ SE) on 
SNRK gene expression in Ll-CAR adipocytes. D: Effect of intravenous lipid injection in lean mice on SNRK gene expression in isolated adipocytes. 
Epididymal fat pads were pooled from three mice in each group for adipocyte isolation 30 min after injection with liposyn II at 3 mL/kg/h. E: Effect 
of rosiglitazone (Rosi) treatment on SNRK gene expression in cultured adipocytes. Rosiglitazone was used at a final concentration of 10 jjimol/L 
for 6 h. F: Effect of adipose tissue macrophage depletion on SNRK gene expression in lean and DIO mice (n = 4 in each group). Mice were 23 weeks 
old and on a high-fat diet for 19 weeks. Clodronate or PBS liposomes were injected into peritoneal cavity at the dose of 110 mg/kg. G: Effect of FFA 
on SNRK protein expression in cultured adipocytes. H: Effect of TNF-a on SNRK protein expression in cultured adipocytes. /: Effect of over- 
expressing IKKp SE on SNRK protein expression in Ll-CAR adipocytes. J: Effect of rosiglitazone treatment on SNRK protein expression in 
cultured adipocytes. *P < 0.05. For cell-based experiments, triplicate samples were used in gene expression and duplicate samples were used in 
protein expression. Results shown are representative from three independent experiments. Error bars stand for mean ± SE. Ab, antibody; Clod, 
clodronate liposomes; F, FFA; Lipid, liposyn II; PBS, PBS liposomes; R, rosiglitazone; T, TNF-a; V, vehicle; Veh, vehicle. (A high-quality color 
representation of this figure is available in the online issue.) 
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with potent anti-inflammation effect, increased SNRK gene 
expression in cultured adipocytes (Fig. 3E). Ablation of 
adipose macrophages, an important source of inflamma- 
tory factors in obesity, by clodronate liposomes signifi- 
cantly increased SNRK gene expression in adipose tissue 
of DIO mice (Fig. 3F). Further experiments confirmed that 
SNRK protein expression levels are also decreased by in- 
flammatory signals and increased by rosiglitazone in cul- 
tured adipocytes (Fig. 3G^J). 



Effect of SNRK knockdown in cultured adipocytes. 

For understanding of the function of SNRK, adenovirus- 
mediated short hairpin interfering RNA was used to knock 
down SNRK expression in 3T3-L1 CAR adipocytes. Ex- 
pression levels of SNRK mRNA and protein were signifi- 
cantly reduced by interfering RNA against SNRK compared 
with control adipocytes expressing interfering RNA against 
GFP (Fig. 4A). Reduction of SNRK expression in 3T3-L1 
CAR adipocytes activated IKK(3 and JNK pathways, as 
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FIG. 4. Effect of SNRK knockdown on adipocyte biology. A: SNRK knockdown by adeno virus-mediated shRNA on mRNA {top panel) and protein 
{bottom panel) levels. B: Effect of SNRK knockdown on phosphorylation of IKKp and JNK. C: Effect of SNRK knockdown on lipolysis. D: Effect of 
SNRK knockdown on expression of TNF-a, IL-6, MCP-1, MCP-2, MCP-3, and chop genes. E: Effect of SNRK knockdown on TNF-a secretion. 
F: Effect of SNRK knockdown on IL-6 secretion. G: Effect of SNRK knockdown on expression of Glut4, Adipo, VLACAD, MACAD, and Atgl2 genes. 
H: Effect of SNRK knockdown on insulin-stimulated Akt phosphorylation. /: Effect of SNRK knockdown on insulin-stimulated glucose uptake. *P < 
0.05. Triplicate samples were used in each experiment. Results shown were representative from three independent experiments. Error bars stand 
for mean ± SE. S, Ser; Veh, vehicle. 
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TABLE 1 

Phosphoproteins decreased by 25% or more in SNRK knockdown adipocytes 


Symbol 


Name 


Phosphorylation 
sites 


KD-to- 
control 
ratio 


Q for SILAC 


Insulin signaling/protein 
synthesis/amino acid 
metabolism 


RPTOR 


Regulatory-associated protein of mTOR 


S863 


0.25 


0.031 


PDCD4 


Programmed cell death protein 4 


T93, S94 


0.26 


0.010 


IRS1 


Insulin receptor substrate 1 


S1097 


0.29 


0.030 


PI4K2A 


Phosphatidylinositol 4-kinase type 2-a 


S47 


0.45 


0.025 


BCKDK 


3-methyl-2-oxobutanoate 

dehydrogenase kinase, mitochondrial 


S33 


0.67 


0.029 




Transcription 


HDAC1 


Histone deacetylase 1 


S393 


0.18 


0.023 


TCOF1 


Treacle protein 


S1191 


0.23 


0.006 


NF1 


Nuclear factor 1 


S265 


0.66 


0.040 


PTRF 


Polymerase I and transcript 
release factor 


T198, S218 


0.74 


0.046 




SNRNP70 


Snrnp 70 protein 


S81 


0.11 


0.026 




Splicing factor 1 


S80, S82 




0.029 


SCAF1 


Splicing factor, Arg/Ser-rich 19 


S676, S682 


0.41 


0.044 


Smg9 


Protein SMG9 


S32 


0.47 


0.026 


SRRM1 


Ser/Arg repetitive matrix 1 


S387, S391 


0.47 


0.011 


CSTF3 






0.56 


0.039 


G3BP2 


Ras GTPase-activating protein- 
binding protein 2 


T227 


0.61 


0.027 


FIP1L1 


Pre-mRNA 3 '-end-processing factor FIP1 


S479 


0.66 


0.031 


Translation 


Glucose and lipid 
metabolism 


Pck2 


Phosphoenolpyruvate 

carboxykinase (GTP), mitochondrial 


S2 


0.11 


0.010 


PC 


Pyruvate carboxylase, mitochondrial 


S19, S20 


0.42 


0.007 


ACC1 


Acetyl-CoA carboxylase 1 


S29 


0.52 


0.025 


ATGL 


Patatin-like phospholipase 
domain-containing protein 2 


S406 


0.67 


0.026 


ATGL 


Patatin-like phospholipase 
domain-containing protein 2 


S409 


0.70 


0.037 


OSBP 


Oxysterol-binding protein 


S188, S191 


0.70 


0.026 


ACLY 


ATP citrate lyase 


S455 


0.71 


0.023 


OSBPL11 

Cytoskeleton 
VCL 


Oxysterol-binding protein- 
related protein 11 


S186 


0.72 


0.025 
0.009 


Vinculin 


S290 


0.00035 


Sdccag8 


Serologically defined colon 


T430, S438 


0.0013 


0.023 


Mylk 


Myosin, light polypeptide kinase 


S611 


0.013 


0.023 


Ppfial 


Ppfial protein 


T770 


0.16 


0.025 


RABGAP1 


Rab GTPase-activating protein 1 


S42 


0.44 


0.023 


PXN 


Paxillin 




0.63 


0.022 


SH3PXD2A 


SH3 and PX domain-containing 
protein 2A 


S420' 


0.67 


0.025 




Nuclear pore complex-associated 


S2067 


0.74 


0.031 


Membrane trafficking 


PLVAP 


Plasmalemma vesicle-associated protein 


S4 


0.40 


0.040 


Tgolnl 


trans-Golgi network integral 
membrane protein 1 


S266, S267 


0.56 


0.035 


Tgoln2 


trans-Golgi network integral 


S277 


0.63 


0.016 



membrane protein 2 
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KD-to- 




Symbol 


Name 


Phosphorylation 
sites 


control 
ratio 


Q for SILAC 


TRAM1 


Translocating chain-associated 
membrane protein 1 


S365 


0.73 


0.028 


CANX 


Calnexin 


S563 


0.75 


0.037 


Miscellaneous 


SSFA2 


Sperm-specific antigen 2 


S90 


0.11 


0.022 


SASH1 


SAM and SH3 domain-containing protein 1 


S805 


0.13 


0.009 




SDPR 


Serum deprivation-response protein 


S363 


0.49 


0.029 


THUMPD1 


THUMP domain-containing protein 1 


S86, S88 


0.50 


0.030 


HMOX1 


Heme oxygenase 1 


S174 


0.57 


0.047 


FAM73B 


Protein FAM73B 


T208 


0.68 


0.011 


BAG3 


BAG family molecular chaperone regulator 3 


S270, S274 


0.69 


0.034 


LUC7I3 


Luc7-like protein 3 


S425, S431 


0.71 


0.044 



Experiments were done with four independent replicates, and data were analyzed with ratio of mean. KD, knockdown. 



shown by increased phosphorylation (Fig. 4B), which is 
accompanied by increased basal lipolysis as reflected by 
elevated glycerol release (Fig. 4C). Consistent with acti- 
vation of inflammatory pathways, markedly increased 
expression levels of proinflammatory cytokines, includ- 
ing TNF-a and IL-6, were observed in SNRK knockdown 
3T3-L1 CAR adipocytes compared with control cells 
(Fig. 4J)-F). TNF-a is a potent inducer of lipolysis, which 
may contribute to increased lipolysis. It has been pre- 
viously reported that multiple monocyte chemotactic 
factors are upregulated in adipose tissue and adipocytes 
of DIO mice (31). Reduction of SNRK expression in cul- 
tured adipocytes also led to increased gene expression of 
three monocyte chemotactic factors, MCP-1, MCP-2, and 
MCP-3, indicating that decreased SNRK expression in 
adipocytes may potentially enhance macrophage infiltra- 
tion in obesity. Reduced SNRK expression also increased 
expression of chop gene. In contrast, mRNA expression 
levels of insulin-responsive glut4 and insulin-sensitizing 
adiponectin are significantly decreased upon SNRK knock- 
down (Fig. 4G). Insulin-stimulated Akt phosphorylation on 
Ser 473 and glucose uptake are significantly reduced (Fig. 
4H-T). Expression levels of very-long-chain acyl-coA de- 
hydrogenase and medium-chain acyl-coA dehydrogenase 
are also significantly reduced in SNRK knockdown adipo- 
cytes, suggesting impaired fatty acid oxidation. Further- 
more, Atgl2 gene was significantly decreased, suggesting 
deficiency in autophagy. 

Effect of SNRK knockdown on protein phosphorylation 
in cultured adipocytes. For a broad understanding re- 
garding the function of SNRK in adipocytes and the down- 
stream signaling events, a quantitative phosphoproteomic 
approach was used to evaluate changes of global phos- 
phorylation in SNRK knockdown adipocytes compared with 
control adipocytes expressing shGFP. The SILAC method 
was used to ensure accurate comparison. SNRK knockdown 
adipocytes were labeled with light ( 12 C or 14 N) Arg and Lys, 
whereas control adipocytes were labeled with heavy ( 13 C or 
15 N) Arg and Lys. All peptide sequence assignments were 
filtered down to 1% false discovery rate by a logistic spectral 
score (36). Results shown in Supplementary Tables 2 and 3 
are the statistically significant (q value < 0.05) average peak 
ratios of light versus heavy amino acids from four biological 
replicates. Reduction of SNRK expression in adipocytes 



significantly reduced signals of 55 phosphopeptides by 25% 
or more, which are derived from 49 proteins involved in 
various aspects of cell function (Table 1), including tran- 
scription, mRNA processing, translation, glucose and lipid 
metabolism, and cytoskeleton. Most of the phosphosites 
have not been functionally annotated, but reduced phos- 
phorylation occurs in factors normally required for tran- 
scription initiation, RNA processing, and protein synthesis. 
Interestingly, several components of mTORCl-signaling 
pathway have reduced phosphorylation, including regulatory- 
associated protein of mTOR (raptor) on Ser 863 , PDCD4 on 
Thr 93 and Ser 94 , insulin receptor substrate (IRS)-l on Ser 1097 , 
and proline-rich Aktl substrate 1 (PRAS40) on Thr 247 . 
Phosphorylation on Ser 863 of raptor activates mTORCl sig- 
naling (37). Ser 1097 of IRS-1 is reported to be a site for S6 K 
phosphorylation (38). PRAS40 inhibits mTOR signaling, and 
Akt phosphorylates PRAS40 on Thr 247 to relieve the inhi- 
bition. Decreased phosphorylation on raptor Ser 863 , IRS-1 
Ser 1097 , and PRAS40 Thr 247 indicates attenuated mTOR 
signaling. Phosphorylation of ACC1. a well-characterized 
AMPK substrate, is decreased on Ser 9 which is an unchar- 
acterized site. In addition, SNRK knockdown also decreased 
phosphorylation of several enzymes involved in glucose and 
lipid metabolism, including mitochondrial phosphoenolpyr- 
uvate carboxykinase, mitochondrial pyruvate carboxylase, 
patatin-like phospholipase domain-containing protein 2, 
ATP citrate lyase, oxysterol-binding protein, and oxysterol- 
binding protein-related protein 11. 

Reduction of SNRK expression in adipocytes also sig- 
nificantly increased signals of 55 phosphopeptides by 
onefold or more, which are derived from 43 proteins (Ta- 
ble 2). These proteins also affect various aspects of adi- 
pocyte function. Distinct from the dataset of decreased 
phosphorylation, several proteins involved in inflamma- 
tory pathways have increased phosphorylation. Among 
these proteins, caspase recruitment domain family mem- 
ber 6 (Card6), IFIH1, ZBP1, and receptor-interacting Ser/ 
Thr-protein kinase 2 are known to activate nuclear factor- 
kB transcription factors, the substrate of IKK(3. Interferon- 
induced double-stranded RNA-activated protein kinase 
(PRKRA) has been characterized as a critical component 
of an inflammatory complex that activates JNK and IKK(3 
pathways and induces insulin resistance (39). Phosphory- 
lation levels of multiple sites of protein PML, a potent 
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TABLE 2 

Phosphoproteins increased by onefold or more in SNRK knockdown adipocytes 



Symbol 


Name 


Phosphorylation sites 


KD-to-control ratio 


Q for SILAC 


Inflammatory 










pathways/apoptosis 










oar a o 


Caspase recruitment domain 


bo /U, lo/O 


AQ7 K 
Do / .0 


n aaak 




family, member 6 








IFIH1 


Interferon-induced helicase C 


S289 


11.2 


0.0397 




domain-containing protein 1 








ZiDrl 


Z-DNA— binding protein 1 


boo4 


7 K 

/ .0 


fi AQQ/1 
U.U004 




rTOtein rML 


bolo, loz/, bozo 


A Q 
4.0 


U.UZ 


PML 




S514 




0.0440 


RIPK2 


Receptor-interacting Ser/Thr- 


S414 


3.7 


0.0372 




protein kinase 2 








bAMrlDl 


Sam domain and HD domain- 
containing protein 1 


TOI CO/l TOO 

izi, b^4, izy 


9 a 


A A991 


T TO T 


H-2 class I histocompatibility 


bOOO, boOD 


9 Q 
Z.O 


n A9QQ 




antigen, L-D a chain 








SAMHD1 


Sam domain and HD domain- 


T25 


2.2 


0.0397 


Insulin signaling/protein 










synthesis 




















PI4KB 


Phosphatidylinositol 4-kinase p 


S511 


7.2 


0.0230 




Interferon-induced double- 


coo 

bOZ 


A 7 
4. / 


n n9A/i 

U.UZD4 




stranded RNA-activated 








Transcription/messenger 










RNA processing/ 










translation 

D T ) T\ /I i r 








A A/IAT 


KMl lo 

l nmZo 


RNA binding motif protein 15 
Transcription intermediary 


Q.A 7Q 

b4/o 


O.O 


u.U4y / 

n AQAQ 




factor l~p 








EIF4G3 


Eukaryotic translation initiation 


S267 


2.9 


0.0095 




factor 473 








xr , TT7 , /i i 
Hilr 4(jrl 


Eukaryotic translation initiation 


01 1 on 

blloy 


9 7 


A A/1Q/1 

U.U4o4 




factor 4 7 1 








D T > T\ /I Q A 

KolVloA 


RNA-binding protein 8A 






A AQ 1 T 


lnZU4 


Interferon-activable protein 204 


1 lUb 


Z.o 


A AQQ1 

U.Uool 


UN Ibi 


Integrator complex subunit 1 






A ClOACZ 

U.UZ4D 


Srrml 


Ser/Arg repetitive matrix protein 1 


bOlU, bOlZ 


9 Q 
Z.O 


U.UOIO 


NFIB 


Nuclear factor IB-type 


S328 


2.0 


0.0461 


Glucose and lipid 










metabolism 










"DT TTVM 


... 
Perilipin 1 


bol 


q a 
o.U 


U.Uoob 


T>T A /I 










Cytoskeleton/scaffolding 










protein/endocytosis/ 










exocytosis 










AKAP13 


Akap 13 A kinase anchor protein 13 


S1910 


4.1 


0.0340 


MAPT 


Microtubule-associated protein 


S761 


3.5 


0.0289 


CLASP1 


CLIP-associating protein 1 


S600 


3.5 


0.0246 


Sept2 


Septin-2 


S218 


2.8 


0.0308 


ACTB 


Actin, cytoplasmic 1 


S239 


2.8 


0.0441 


Ctnnbl 


Catenin (3-1 


T556 


2.4 


0.0441 


AP3D1 


AP-3 complex subunit A-l 


S755, T758, S760 


2.1 


0.0230 




MEK5 


Mitogen-activated protein kinase 


S433 


3.5 


0.0321 




kinase kinase kinase 5 








HDGF 


Hepatoma-derived growth factor 


S165 


3.5 


0.0332 


Miscellaneous 




Likely ortholog of Homo sapiens 


T311 


1030.4 


0.0065 




chromosome 9 ORF 138 








TNKS1BP1 


182 kDa tankyrase-l-binding protein 


S429 


5.5 


0.0387 
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Symbol 


Name 


Phosphorylation sites 


KD-to-control ratio 


Q for SILAC 


TMCC2 


Transmembrane and coiled-coil 
domains protein 2 


S435 


5.5 


0.0366 




Testis expressed gene 2 


S195 


5.5 


0.0276 


Arhgefl7 


p guanine nucleotide 
exchange factor 17 


S458 


3.2 


0.0380 


Myll2a 


MCG5400 


T19, S20 




0.0343 


DCLK1 


Dclkl protein 


S330, S332, T336 


2.9 


0.0246 


Rplp2-psl 


MCG10050 


S105 


2.5 


0.0246 


Marcksll 


MARCKS-related protein 


S104 


2.2 


0.0492 


Nop58 


Nucleolar protein 58 


S509, S521 


2.2 


0.0366 



Experiments were done with four independent replicates, and data were analyzed with ratio of mean. 



growth suppressor and proapoptotic factor, are signifi- 
cantly increased. In addition, increased phosphorylation 
occurs in proteins normally involved in repression of tran- 
scription (Trim 28, 111204, and HDGF), promotion of mRNA 
degradation (IFIH1 and Patll), and inhibition of protein 
synthesis (PRKRA). Phosphorylation also increases in pro- 
teins involved in hydrolysis of glycerophospholipids (phos- 
pholipase A2 on Ser 437 ) and triglycerides (perilipin on Ser 81 , 
a PKA phosphorylation site), consistent with observed 
increase of basal lipolysis. Phosphorylation on Ser 358 of 
SIK2 increased 15-fold, a site that has been reported to 
be phosphorylated by PKA in response to forskolin and 
CL316243 in adipocytes (40). 

Effect of SNRK overexpression in hepatocytes. De- 
spite successful SNRK knockdown in 3T3-L1 CAR adipo- 
cytes, SNRK protein cannot be overexpressed at a high 
level in this cell type in spite of hugely overexpressed 
SNRK mRNA, but SNRK-GFP fusion protein could be 
expressed at a low level that is observable under fluores- 
cence microscope. One possibility is that the COOH- 
terminal of SNRK contains two regions of PEST-rich 
sequences, which are motifs indicative of rapid protein 
turnover (23). In addition, there may be a mechanism in 
adipocytes to limit SNRK overload due to abundantly 
expressed endogenous SNRK protein in this cell type. We 
therefore used a liver cell line to examine whether SNRK 
overexpression can increase phosphorylation of raptor 
and ACC. As shown in Fig. 5A, SNRK protein was over- 
expressed in Fao hepatoma cells and significantly increased 
phosphorylation of ACC on Ser 79 (an AMPK phosphoryla- 
tion site) and raptor on Ser 863 . SNRK kinase assay con- 
firmed that overexpressed SNRK is active in hepatoma 
cells (Fig. 51?). For determination of whether raptor and 
SNRK exist in the same protein complex, raptor and SNRK 
were coexpressed in 293A cells. Immunoprecipitation of 
SNRK brought down raptor as evidenced by immunoblot 
analysis (Fig. 5(7). SNRK overexpression also suppressed 
chop gene expression (Fig. 5Z>), consistent with increased 
chop gene expression in SNRK knockdown adipocytes. 
Interestingly, SNRK overexpression significantly increased 
LC3II-to-LC3I ratio under the fed condition when treated 
with chloroquine and rapamycin and under the fasted 
condition when treated with rapamycin, indicating acti- 
vation of autophagy (Fig. 517). 

mTOR pathway and adipocyte inflammation. The 

effects of SNRK on autophagy and ACC/raptor phosphor- 
ylation were further confirmed in adipocytes. In SNRK 

diabetes.diabetesjournals.org 



knockdown adipocytes, both LC3I and LC3II were signifi- 
cantly reduced after normalization to tubulin control, but 
LC3II-to-LC3I ratio was not affected (Fig. 6A). Reduction 
of SNRK also significantly reduced phosphorylation levels 
of raptor S863 and ACC S79. Defective autophagy has 
been linked to induction of inflammation and may be 
partially responsible for the inflammatory phenotype in 
adipocytes with reduced SNRK expression. In addition, 
phosphoproteomic study revealed many potential down- 
stream targets of SNRK. The mTORCl pathway stood 
out owing to decreased phosphorylation of several com- 
ponents. To explore whether defective mTOR signaling 
pathway contributes to adipocyte inflammation, 3T3-L1 
adipocytes were treated with rapamycin and examined for 
activations of JNK and IKK(3 pathways, lipolysis, and ex- 
pression of inflammatory cytokines. Treatment with rapa- 
mycin increased phosphorylation of IKK(3 but not JNK 
and stimulated lipolysis (Fig. 6B and C). Gene expression 
levels of proinflammatory factors IL-6, MCP-1, and MCP-3 
are also significantly upregulated (Fig. 6Z>). Consistent 
with these results, activation of mTOR signaling by over- 
expressing the constitutively active Aktl (myr-Akt) repressed 
lipolysis and decreased expression of proinflammatory fac- 
tors (Fig. 6E-F). These data indicate that defective mTOR 
signaling in SNRK knockdown adipocytes may be partially 
responsible for the inflammatory phenotype and that other 
pathways are likely involved, since JNK is not activated by 
rapamycin treatment. 

DISCUSSION 

The underlying molecular mechanism responsible for orig- 
ination of inflammation in adipocyte upon overnutrition 
is still not fully understood. In this study, we identified 
SNRK as a potential suppressor of adipocyte inflammation 
and hypothesize that decreased SNRK expression in adi- 
pose tissue may contribute to the development of adipose 
inflammation commonly observed in obesity. AMPKa has 
been reported to repress inflammation in macrophages 
and polarize macrophages to an anti-inflammatory phe- 
notype (13,14,41). AMPKa-deficient bone marrow macro- 
phages are proinflammatory and are sufficient to induce 
insulin resistance when transplanted to irradiated wild- 
type mice upon high-fat-diet feeding (22). In addition, 
AMPKa activity is decreased in adipose tissue of obese 
and insulin-resistant humans (42), suggesting that AMPKa 
is potentially another candidate for suppressing obesity- 
induced adipose tissue inflammation. However, further 
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FIG. 5. SNRK overexpression in hepatoma cells. A: SNRK overexpression and phosphorylation on ACC and raptor. B: SNRK activity in hepatoma 
cells overexpressing GFP or mouse SNRK. For kinase assay, SNRK was immunoprecipitated (IP) and incubated with the reaction mixture 
(200 jjimol/L AMARA peptide; 1 mmol/L ATP; 10 jjici y- 32 P-ATP; 10 mmol/L magnesium acetate; 50 mmol/L Tris.Cl, pH 7.5; 0.1 mmol/L EGTA; and 
0.1% v/v 2-mercaptoethanol) for 30 min at 30°C in a shaking-water bath. Reactions were then loaded on p81 filters. Radioactivities were counted 
after four washes with 0.5% phosphoric acid and once with water. Background activities were determined using IgG immunoprecipitated samples 
and subtracted from SNRK antibody immunoprecipitated samples. C: SNRK and raptor coimmunoprecipitation in 293A cells. D: SNRK over- 
expression and chop gene expression. E: Effect of SNRK overexpression on autophagy. *P < 0.05, Ad-SNRK-infected hepatoma cells vs. Ad-GFP- 
infected hepatoma cells. Duplicate samples were used in Western blots, and triplicate samples were used in gene expression and kinase activity 
experiments. Results shown were representative from three independent experiments. Error bars stand for means ± SE. WS, Western blot; Vec, 
vector; Ab, antibody; S, Ser; WT, wild type. 
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FIG. 6. mTOR pathway and adipocyte inflammation. A: SNRK knockdown in 3T3-L1 CAR adipocyte and the effect on raptor and ACC phosphor- 
ylation. B: Rapamycin activates IKKfJ in 3T3-L1 adipocytes. C: Rapamycin induces lipolysis in 3T3-L1 adipocytes. D: Rapamycin increases ex- 
pression of proinflammatory factors. *P < 0.05, shSNRK-infected adipocytes vs. shGFP-infected adipocytes or rapamycin (Rapa)-treated 
adipocytes vs. vehicle (Veh)-treated adipocytes. Duplicate samples were used in Western blots, and triplicate samples were used in gene ex- 
pression and lipolysis experiments. E: Overexpression of the constitutively active Aktl (myr-Akt) activates mTOR signaling. F: Overexpression of 
myr-Akt suppresses lipolysis. G: Overexpression of myr-Akt decreases expression of inflammatory genes. *P < 0.05, cells expressing tTA plus myr- 
Akt vs. cells expressing tTA alone. Error bars stand for mean ± SE. S, Ser. 



experiments are necessary to elucidate the anti-inflammatory 
role of AMPKa in adipose tissue and to determine the cell 
type of action, since literature data are mostly available with 
regard to macrophages. Despite the fact that AMPKa 1 is the 
major isoform in adipocytes, contradictory phenotypes of 
AMPKa 1 global knockout mice have been reported. Zhang 
et al. (22) showed that deficiency of AMPKa 1 increases ad- 
ipocyte size and adipose mass in vivo and AMPKa 1 knock- 
down adipocytes are proinflammatory but accumulate more 
lipids. In contrast, Daval et al. (18) reported that absence of 



AMPKa 1 reduces adipocyte size and adipose mass, possibly 
attributed to increased lipolysis. Interestingly, both labora- 
tories obtained AMPKa 1 knockout mice from the same 
source. 

It will be interesting to determine whether SNRK and 
AMPKa have redundant roles in suppressing inflamma- 
tory responses in adipocytes. In our study, AMPKa ex- 
pression levels were not changed in SNRK knockdown 
adipocytes, and SNRK antibody does not cross-react with 
AMPKa even under the condition of overexpression (data 
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not shown), indicating that SNRK likely functions in- 
dependent of AMPKa. This is the first study to elucidate 
the role of SNRK in adipocyte biology, which is a pro- 
tein with very little available literature information re- 
garding its function. Phosphoproteomic analysis revealed 
increased phosphorylation levels of several additional 
inflammatory proteins in SNRK knockdown adipocytes, 
many of which are known to activate the nuclear factor- 
kB pathway. These results suggest that the presence of 
SNRK in adipocytes is necessary to inhibit inflammatory 
responses. When SNRK expression is reduced, activation 
of inflammatory pathways leads to increased lipolysis, 
impairs insulin signaling, and reduces insulin-stimulated 
glucose uptake. 

Interestingly, phosphoproteomic analysis reveals atten- 
uation of mTOR signaling pathway in SNRK knockdown 
adipocytes. Phosphorylation of raptor ser863 is critical to 
activate mTOR (37). We demonstrated that SNRK interacts 
with raptor and phosphorylates raptor on Ser 863 , suggest- 
ing that raptor may be a target of SNRK. In adipocytes, 
treatment with rapamycin elicited weak inflammatory 
responses as reflected by IKK|3 activation, increased ex- 
pression of proinflammatory factors, and elevated lipoly- 
sis. However, the extent of IKK(3 activation and fold of 
increase in proinflammatory gene expression are milder 
than those observed in SNRK knockdown adipocytes, in- 
dicating that impairment in mTOR signaling pathway is 
most likely partially responsible for the effects elicited by 
reduced SNRK expression. The role of mTOR in linking 
nutrient sensing and obesity is complex depending on the 
tissue examined. In adipocytes, acute inhibition of mTOR 
signaling by rapamycin increases insulin-stimulated glu- 
cose uptake, but chronic rapamycin treatment impairs 
insulin-stimulated glucose uptake by reducing Akt2 acti- 
vation despite improved PI3K activation (43). Mice with 
adipose tissue-specific raptor deficiency are protected 
from diet-induced obesity and have increased energy ex- 
penditure (44). However, it is unclear whether adipose 
inflammation has been examined. Several transgenic mod- 
els with overexpression of components in the inflammatory 
pathway prior to obesity development also display reduced 
adiposity (45-47). However, it is well established that adi- 
pose inflammation and impairment of energy homeostasis 
coexist in obesity. 

Another potential mechanism to explain increased in- 
flammation in SNRK knockdown adipocytes is defective 
autophagy. Autophagy has been demonstrated to play 
a role in repressing adipocyte inflammation (48). Our data 
indicate that SNRK is localized to lysosomes in adipocyte, 
an important site for degradation of large intracellular 
organelles or protein aggregates through autophagy. In 
addition, our results support a role of SNRK in promoting 
autophagy. The potential role of SNRK in linking over- 
nutrition and activation of inflammatory pathways as well 
as impairment of energy metabolism in adipocytes requires 
further investigation. Loss-of-function in vivo study in the 
near future will provide more useful information regarding 
the role of SNRK in obesity-induced adipose inflammation. 
In addition to the inflammatory pathway, the global phos- 
phoproteomic study also provided evidence to show that 
SNRK has profound effects on adipocyte biology and 
impacts multiple pathways that are common to most cell 
types, such as transcription, translation, and mRNA pro- 
cessing. The overall changes in protein phosphorylation 
patterns suggest a role for SNRK in maintaining normal 
cell growth and function. 
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